Abstract 1-Naphthaleneacetamide (NAAm) is a synthetic plant growth regulator in the auxin family that is widely used in agriculture to promote the growth of numerous fruits, for root cuttings and as a fruit thinning agent. The potential genotoxic effects of NAAm were investigated in vitro by the chromosome aberrations (CAs), and cytokinesis-block micronucleus assays in human peripheral blood lymphocytes (PBLs) for the first time. The human PBLs were treated with 20, 40, 80, and 160 lg/mL of NAAm for 24 and 48 h. The results of this study showed that NAAm significantly induced the formation of structural CA and MN for all concentrations (20, 40, 80 and 160 lg/mL) and treatment periods (24 and 48 h) when compared with the negative and the solvent control. In addition, the higher concentrations of NAAm (80 and 160 lg/mL) caused a statistically significant increase in nuclear bud (NBUD) formation for both 24 and 48 h treatment times. With regard to the cell cycle kinetics, at all the tested concentrations, NAAm caused a statistically significant reduction in the mitotic index (MI) only for 48 h treatment period and also in the nuclear division index (NDI) for both 24 and 48 h treatment periods as compared to the control groups. The reductions in the MI and NDI occured in a concentration-dependent manner for both treatment times. In conclusion, the present results indicate that in the tested experimental conditions, NAAm was genotoxic and cytotoxic on human PBLs in vitro.
Introduction 1-Naphthaleneacetamide (NAAm) is a synthetic plant growth regulator in the auxin family due to its chemical structure similarities with auxin indole acetic acid (IAA) (Tomlin 2000; USEPA 2007 ), a natural plant growth hormone which has an important role for seed and root development. NAAm has been widely used in agriculture for several decades as a component in many commercial plant rooting and horticultural formulations such as Rootone, Amide-Thin W, Frufix and Amcotone (Tomlin 2000; USEPA 2007; EFSA 2011) . It is used as thinning agent for fruits, particularly apples, pears, peaches and grapes; for root cuttings; and to prevent fruit drop shortly before harvest (Tomlin 2000; Link 2000) . The U.S. Environmental Protection Agency (EPA) indicates that approximately 20,000 Ibs (9,000 kg) of naphthalene acetate active ingredients such as NAAm and 1-naphthyl acetic acid are applied annually in the U.S.A. (USEPA 2007) . Due to the large amounts of such chemicals are released into the environment, they may represent a potential hazard to the genetic material of the exposed living organisms such as plants, animals and possibly humans. It was also reported that NAAm is degraded by sunlight under environmental conditions, producing primary photoproducts that are more toxic than the parent compound (Da Silva et al. 2013 ). Regarding to toxicity, NAAm is considered as unlikely hazardous by the World Health Organization (WHO) but as highly toxic by the U.S. Environmental Protection Agency (EPA) (Kegley et al. 2011; Esparza et al. 2013) . It is also considered harmful to aquatic organisms with a LC 50 of 44 mg a.s/L for fishes and harmful if swallowed based on a LD 50 of 1,655 mg/kg bw. (EFSA 2011) . Unfortunately, to our best knowledge, there is no study available on the genotoxic and/ or cytotoxic effects of NAAm on humans in the literature. However, some synthetic auxins, such as 2,4-dichlorophenoxyacetic acid (2,4-D) (Holland et al. 2002; Cenkci et al. 2010) , dicamba (Gonzàlez et al. 2007 (Gonzàlez et al. , 2009 Gonzàlez et al. 2011) , and synthetic IAA (Salopek-Sondi et al. 2010 ) have been found genotoxic, mutagenic and cytotoxic in various test systems. Thus, taking into account these facts, it has become important to evaluate the possible genotoxic potential of NAAm on humans.
Therefore, the purpose of the present study was to investigate the genotoxic effects of NAAm using the in vitro chromosome aberration (CA), and cytokinesisblock micronucleus (CBMN) tests, which are worldwide well recognized genotoxicity assays, in human peripheral blood lymphocytes (PBLs), for the first time. In addition to micronucleus assay, the frequency of nuclear buds (NBUDs) in binucleated lymphocytes was analyzed. The mitotic index (MI) and nuclear division index (NDI) were also calculated to evaluate cytotoxic/cytostatic effects of NAAm in human PBLs.
Materials and methods

Test samples and chemicals
Human peripheral blood samples were obtained from four (n = 4) healthy volunteer donors (two males and two females, all non-smokers) aged from 22 to 24 years. All donors had no known excess exposure to genotoxicants. This project was approved by the Institutional Ethics Committee of Mersin University, Turkey and all volunteers gave informed consent to participate in the study and signed consent forms.
NAAm (Fluka 36732, ; Purity: C98.0 %) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The chemical structure of NAAm is shown in Fig. 1 . Dimethylsulphoxide (DMSO, purity 99 %, CAS No: 67-68-5), mitomycin-C (MMC, M-05030), colchicine (C-9754) and cytochalasin B (C-6762) were purchased from Sigma. Giemsa and all other chemicals were purchased from Merck (Darmstadt, Germany). All test solutions were freshly prepared prior to each experiment.
Chromosome aberration (CA) assay
The method developed by Evans (1984) was followed in preparation of CA, with minor modifications. This study was performed according to the International Programme on Chemical Safety (IPCS) guidelines (Albertini et al. 2000) . Lymphocyte cultures were set up by adding 0.2 mL of whole blood from each of the four healthy donors to 2.5 mL of chromosome medium B (Biochrom F-5023; Berlin, Germany).
The cultures were incubated at 37°C for 72 h. The concentration range (20, 40, 80 and 160 lg/mL) selected based on the highest concentration that resulted in approximately 50 % (the half maximal effective concentration, EC 50 ) reduction in mitosis (160 lg/mL). Hence, in the present study, the concentrations of the test compound used were 1/8, 1/4, 1/2 of EC 50 . Serial dilutions of NAAm were made in DMSO under sterile conditions. A negative control Fig. 1 The chemical structure and formula of 1-naphthaleneacetamide (NAAm) (C 12 H 11 NO; molecular weight: 185.22 g/mol; synonyms: 2-(naphthalen-1-yl)acetamide, 2-(1-naphthyl)acetamide, 1-naphthaleneacetamide, alpha-naphthylacetamide, 1-naphthylacetamide) (untreated cultures), a solvent control (8 lL/mL DMSO) and a positive control (0.2 lg/mL MMC) were also established, in parallel. Treatment times were conducted as 24 and 48 h. The cells were exposed to 0.06 lg/mL colchicine 2 h before harvesting. To collect the cells, the cultures were centrifuged at 2,000 rpm for 5 min. After removal of the supernatant; the pellets were treated with 0.4 % KCl as the hypotonic solution for 15 min at 37°C and then methanol:glacial acetic acid (3:1 v/v) was added as the fixative for 20 min at room temperature (22 ± 1°C). The fixative treatments were repeated three times with intermittent centrifugation. Finally, the centrifuged cells were dropped onto cold glass slides and air-dried. The slides were stained following standard methods (5 % Giemsa in Sorensen Buffer, pH 6.8, 15-20 min).
Cytokinesis-block micronucleus (CBMN) assay
The cytokinesis-block MN (CBMN) assay was carried out using the methods of Fenech (2000) , and KirschVolders et al. (2003) . To establish the cultures, 0.2 mL of heparinized whole blood from four healthy donors was added to 2.5 mL chromosome medium B and incubated at 37°C for 68 h. The cells were treated with 20, 40, 80 and 160 lg/mL concentrations of NAAm for treatment periods of 24 and 48 h. Cytochalasin B (final concentration of 6 lg/mL) was added to the cultures after 44 h of incubation in order to block cytokinesis. The cells were harvested by centrifugation and the pellets were treated with a hypotonic solution (0.4 % KCl) for 5 min at 37°C. After centrifugation, the cells were fixed once with a cold fixative (methanol:glacial All data are expressed as mean ± SD; n = 4 A total of 400 cells were scored per concentration in the CA assay and 12,000 cells were scored for the MI acetic acid: 0.9 % NaCl, 5:1:6 v/v/v) and then fixed further two times with methanol-glacial acetic acid (5:1 v/v). The MN slides were prepared by dropping and air-drying. Finally, the slides were stained with 5 % Giemsa stain solution for 15 min.
Microscopic evaluation
The CA was classified according to ISCN (International System for Human Cytogenetic Nomenclature) (Paz-y-Miño et al. 2002) and evaluated as the structural (chromatid-type: breaks, exchanges, sister unions; chromosome-type: breaks, dicentrics, rings, fragments, translocations) and the numerical (polyploid cells) aberrations. Gaps were not considered as CA according to Mace et al. (1978) . For each donor, 100 well-spread, intact metaphases were investigated (totaly 400 metaphase spreads for four donors) in order to score the CAs at each concentration and treatment period. Percentage of cells with structural CAs, and total CA/cell have been calculated following the scoring of CAs. To determine cytotoxicity, the MI was calculated from the number of metaphases in 3,000 cells (12,000 cells per concentration), analyzed per culture for each treatment and donor in the CA assay. MI was calculated according to the formula: MI = 100 9 cells in metaphase/3,000.
In the CBMN assay, MNi and NBUDs were scored in binucleated cells according to the scoring and identification criteria of Fenech et al. (2003) and Fenech (2007) . The number of MN and NBUD in 1,000 binuclear cells were analyzed for each donor (4,000 binuclear cells per concentration). Cytostaticity of agent was estimated by using the nuclear division index (NDI). For determining NDI, the number of cells containing 1, 2, 3, or 4 nuclei in 1,000 cells was determined per culture, for each treatment and donor. NDI was calculated using the following formula: NDI = 1 9 M1 ? 2 9 M2 ? 3 9 M3 ? 4 9 M4/N; where M1 through M4 represent the number of cells with one to four nuclei and N is the total number of cells scored (Eastmond and Tucker 1989; Fenech 2000) .
In this study, slides were examined using an Olympus CX21 light microscope at 10009 magnification.
Statistical analysis
Statistical analysis of experimental values in the CA and CBMN assays was performed using one-way analysis of variance (ANOVA). The comparisons between groups were made using a post hoc analysis, LSD test. Concentration-response relationships were determined from the correlation and regression coefficients for all parameters (CA, MN, NBUD, MI and NDI).
Results
The effects of NAAm on CAs and MI in the human PBLs are summarized in Table 1 . NAAm increased the structural CAs significantly for all concentrations (20, 40, 80 and 160 lg/mL) and treatment periods (24 and 48 h) when compared with the negative and the solvent control. The increase of the percentage of structural CAs was concentration-dependent only for the 24 h treatment (for 24 h: r 2 = 0.955, P \ 0.05; for 48 h: r 2 = 0.887, P [ 0.05; Fig. 2a ). As shown in Table 1 , NAAm did not increase CAs to the same extent as the positive control, MMC. Although a concentration-dependent decrease was observed in the MI for both treatment periods (for 24 h: r 2 = 0.984, P \ 0.01; for 48 h: r 2 = 0.928, P \ 0.05; Fig. 2b ), statistically significant decreases were detected at all the concentrations of NAAm only for 48 h treatment when compared with the negative and the solvent control. In addition, NAAm did not reduce the MI as much as the positive control.
The results of the present study indicate that NAAm induced a statistically significant increase in the percentage of micronucleated binuclear cells (MNBN %) and the percentage of micronucleus (MN %) when compared with the negative and the solvent control at all the concentrations tested (20-160 lg/mL) for both treatment periods (24 and 48 h). However, the positive control, MMC, significantly induced the formation of MN in comparison with all concentrations of NAAm. While the MNBN % increased linearly as NAAm concentration increased for both 24 h (r 2 = 0.914, P \ 0.05) and 48 h (r 2 = 0.992, P \ 0.01; Fig. 2c ) treatment times, MN % increase was in a concentration-dependent manner only for the 48 h treatment time (r 2 = 0.858, P [ 0.05 and r 2 = 0.995, P \ 0.01 for 24 and 48 h, respectively; Fig. 2d ). In both 24 and 48 h treated cultures, NAAm statistically significantly increased the binuclear cells with NBUDs (%) when compared with the only negative control at 80 lg/mL, and compared to the negative and the solvent control at 160 lg/mL concentration. The frequency of NBUDs increased with increasing concentrations of NAAm (r 2 = 0.946, P \ 0.05 and r 2 = 0.968, P \ 0.05 for 24 and 48 h, respectively; Fig. 2e ).
As shown in Table 2 NAAm caused a statistically significant reduction in the NDI as compared to the control groups (negative and solvent control) at all the concentrations tested and both treatment times. These reductions were concentration-dependent for both 24 h (r 2 = 0.974, P \ 0.01) and 48 h (r 2 = 0.976, P \ 0.01) treatments (Fig. 2f) . NAAm also decreased the NDI to the same extent as the positive control for the 24 h (40, 80 and 160 lg/mL) and 48 h (80 lg/mL) treatment period. Furthermore, NAAm showed a higher cytostatic effect than MMC at the highest concentration (160 lg/mL) for the 48 h treatment period (Table 2) .
Discussion
In this study, the genotoxic and cytotoxic effects of NAAm, a synthetic plant growth regulator, were evaluated. For this aim, the formation of CA, MN, NBUD, and the frequency of MI and NDI in human PBLs were employed as biomarkers of genotoxicity and cytotoxicity, respectively.
Results obtained from this study revealed that, in general, NAAm significantly increased the percentage of cells with structural CA and MN formation at all concentrations (20, 40, 80 and 160 lg/mL) and treatment periods (24 and 48 h) when compared with the control groups. NAAm was also found to significantly induce NBUD formation at the two high concentrations (80 and 160 lg/mL) for both 24 and 48 h treatment times in a concentration-dependent manner.
As already mentioned, there is no published study on the genotoxic and/or cytotoxic effects of NAAm in the literature. Thus, the results obtained from this study present the first data for geno-/cytotoxic potential of NAAm on humans. However, the genotoxic potential of some other synthetic auxins, such as 2,4-D and dicamba, have been shown in many previous studies.
Similarly to our findings, Korte and Jalal (1982) reported that 2,4-D had induced chromosomal aberrations in human PBLs in vitro with concentrations of 50 and 60 lg/mL. Madrigal-Bujaidar (2001) observed that 2,4-D had a moderate genotoxic effect in mice that were treated in vivo with high concentrations (100 and 200 mg/kg) of this compound. Holland et al. (2002) reported that both pure and commercial forms of 2,4-D increased the number of MNi at the highest non-toxic concentration (0.3 mM) in human whole blood and isolated lymphocyte cultures. Ateeq et al. (2002) reported that 2,4-D induced chromosome aberrations (CAs) at statistically significant level in the meristematic mitotic cells of Allium cepa. Filkowski et al. (2003) found that 2,4-D and dicamba induced point mutations and double strand breaks in Arabidopsis and single strand breaks in bean root nuclei. Similar results were also reported by Zeljezic and Garaj-Vrhovac (2004) , who observed that deberhan A, a commercial formulation of 2,4-D, caused an increase in chromatid and chromosome breaks, number of MNi and number of NBUDs in human PBLs. Gonzàlez et al. (2011) found that dicamba and one of its commercial formulation banvel induced a significant increase in MN and NBUD formation at a concentration range of 50-500 lg/mL in Chinese hamster ovary cells. The damaging activity of dicamba in different mammalian cell targets was also previously observed by the same research group (Gonzàlez et al. 2006 (Gonzàlez et al. , 2007 (Gonzàlez et al. , 2009 ). The results of these studies and some others (Amer and Aly 2001; Cenkci et al. 2010 ) are in agreement with the results of our study, although different cell types and/or test system were used.
The significant increase in the CAs, MNi, and NBUDs following exposure of NAAm in the present study supports the genotoxic potential of this compound. The results of the CA assay showed that NAAm induced the more structural CAs (especially chromatid breaks and acentric fragments) than the numerical CAs. Hence, it can be suggested that NAAm has a clastogenic effect and can lead to the formation of structural CA by breaking the phosphodiester backbone of DNA (Kocaman et al. 2011) . DNA damage may be result of direct impact of NAAm on DNA or its indirect effect, for example by production of free radicals. Bukowska (2006) in his review reported that 2,4-D interacted with the genetic material indirectly by producing reactive oxygen species (ROS). 2,4-D is structurally and functionally analogous to the natural auxin IAA (Song 2014) , like NAAm. It was also reported that 2,4-D induced proliferation of peroxisomes and increased the intracellular production of DNA-damaging hydrogen peroxide and other reactive oxygen radicals (Kawashima et al. 1984; Linnainmaa 1984; Reddy and Rao 1989) expressing high clastogenic activity (Wolff 1982; Reddy and Rao 1989) . We suppose that NAAm may act on nucleic acid, proteins and also lipids with the production of ROS that may cause DNA strand breaks. MN can be formed from acentric chromosome/ chromatid fragments or whole chromosomes that fail to be segregated to the daughter nuclei during mitotic cellular division, and appears as small additional nucleus in the cytoplasm of interphase cells (Fenech and Bonassi 2011; . Some micronuclei may also be derived from broken anaphase bridges (Lindberg et al. 2007 ). In the present study, NBUDs, MN-like bodies attached to the nucleus by a thin nucleoplasmic connection, have also been evaluated because they represent a different genomic instability. NBUDs may be formed by exclusion of amplified DNA (Lindberg et al. 2007) , from remnants of broken anaphase bridges (Gisselsson et al. 2000 (Gisselsson et al. , 2001 or by retraction of micronuclei (Lindberg et al. 2007) . Although there are no published data relevant to MN and NBUD formations induced by NAAm, it can be seen from the above mentioned literature that some synthetic auxins caused an increase in MN and NBUD frequency in vitro in human PBLs (Zeljezic and Garaj-Vrhovac 2004) and in Chinese hamster ovary cells (Gonzàlez et al. 2011) . Mladinic et al. (2009) suggested that the development of NBUDs is not possible in the short-term cultivation period. In the present study since the CBMN assay was conducted in short-term (68 h) lymphocyte cultures, gene amplification theory cannot be used to explain the formation of NBUDs. Thus, we may suggest that the origin of NBUDs observed in this study could be explained by the broken anaphase bridges and/or the mechanism of micronuclei retraction.
In the present study, the MI and NDI ratios were evaluated for determining cytotoxicity. The measurement of NDI also provides important data on the cytostatic effect of chemicals (Fenech 2007) . The results revealed that all the NAAm concentrations tested significantly decreased MI for 48 h, and also NDI for both 24 and 48 h treatment periods as compared to those found in the control group. The reductions of MI and NDI were also observed in a concentrationdependent manner for both treatment times. These data would be indicative of the cytotoxic and cytostatic effects of NAAm in human PBLs. Rixe and Fojo (2007) reported that cytostaticity may be defined as the inhibition of cell growth and/or proliferation, and this initial event can induce cell death if cytostasis is prolonged. Accordingly, in the present study, NAAm revealed a cytostatic effect for the 24 h exposure period without cytotoxicity, whereas this compound displayed both cytostatic and cytotoxic properties for 48 h treatment period due to prolonged exposure of the test substance on lymphocytes.
As similar to the our results, the cytotoxic/cytostatic effects of some different synthetic auxins were reported in the previous studies performed on various test systems (Di Paolo et al. 2001; Tuschl and Schwab 2003; Mičić et al. 2004; Gonzàlez et al. 2006 Gonzàlez et al. , 2007 Gonzàlez et al. , 2011 .
The mechanism of auxin cytotoxicity is believed to be connected with the production of ROS (SalopekSondi et al. 2010) . Furthermore, Müller and Sofuni (2000) reported that the clastogenic response of various compounds is often associated with high toxicity. In this study, NAAm most probably had cytostatic and also cytotoxic effects on cultured human PBLs by increasing the oxidative stress and thereby leading to formation of CA resulting in inhibition of DNA synthesis, cell proliferation (i.e. cytostaticity; without lethality) and eventually cell death (i.e. cytotoxicity; with apoptosis).
Conclusion
In conclusion, these findings suggest that NAAm most probably has a genotoxic effect by inducing the CAs, MNi, and NBUDs formation and has a cytotoxic/cytostatic effect by reducing the MI and NDI at the concentrations tested (20, 40, 80 and 160 lg/mL) in human PBLs in vitro. Hence, we can say that this synthetic plant growth regulator may pose clastogenic and cytotoxic/cytostatic risk in human beings and it should be used more carefully. We also suggest that further researches should be done to investigate the possible harmful effects of NAAm on human health.
